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A rapidly exchangeable component of cellular calcium
plays a significant role in the control of force develop-
ment in heart muscle. Recently completed studies indi-
cate that a large fraction of this calcium is bound to sites
on the sarcolemma: 1) The curve that relates extracel-
lular calcium ([Ca]o)(from 50pM to 10 mM) to force
development and the one that relates [Ca]o to calcium
bound to a highly purified sarcolemmal fraction are su-
perimposable. 2) The ability of a series of cations (lan-
thanum, cadmium, manganese, magnesium) to uncouple
excitation from contraction is the same as their relative
ability to displace calcium from sarcolemma. 3) Poly-
myxin B, a highly charged cationic amphiphilic pepti-
dolipid, specifically competes for calcium-binding sites
on anionic and zwitterionic phospholipid. It is a potent
displacer of calcium from myocardial cells and purified
sarcolemma and a potent uncoupler. 4) Phospholipase
D cleaves the nitrogenous base from sarcolemmal phos-
pholipid with production of anionic phosphatidic acid.
Phospholipase D treatment increases calcium bound to
cells and to purified sarcolemma and increases force
development of ventricular tissue from both neonatal
rats and adult rabbits. 5) Insertion of charged amphi-
philes in the sarcolemma as phospholipid analogues
modulates interaction of calcium with myocardial sar-
The goal of this report is to review briefly the studies that
provide evidence for the importance of sarcolemmal-bound
calcium in the excitation-contraction coupling sequence in
mammalian myocardium. These studies have led to the con-
clusion that sarcolemmal phospholipid is of major impor-
tance in this binding and a recently completed study provides
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colemma. Anionic dodecylsulfate increases calcium bound
to sarcolemmal vesicles by more than 80% and increases
force development in rabbit papillary muscle by 100%.
Cationic dodecyltrimethylamine produces a negative ef-
fect on binding and decreases contractile force by 70%.
Neutrallaurylacetate produces negligible effects on binding
and force development. 6) The effect of pH variation on
calcium binding to phospholipid extracted from sarco-
lemma indicates that the latter accounts for at least 75%
of the binding. The pK (6.60 to 7.15) found to produce
the best fit for dissociation of sarcolemmal groups (and
calcium binding) suggests that the sites may be amino
groups located on zwitterionic phospholipid. As pH in-
creases these groups are neutralized (NH3 + ~ NH2 +
H+) and would no longer shield, intra- or intermolec-
ularly, the negatively charged phospholipid acidic groups
which would then be available to bind calcium.
The present concept is that pH sets the level of po-
tential calcium-binding sites by control of their degree
of dissociation and the level of [Ca]o then determines the
extent to which these sites "fill" with calcium. The amount
of calcium bound to these sites seems to play a critical
role in the regulation of contractile force.
(J Am Coli CardioI1986;8:65A-68A)
evidence for the phospholipid species involved and for an
operative model for the relation of binding to the contractile
state.
Evidence for Role of Sarcolemmal-Bound
Calcium in Excitation-Contraction
Coupling Sequence
The initial evidence for the importance of surface sites
comes from a simple experiment using the arterially per-
fused interventricular septum of the rabbit (1). When cal-
cium was removed from the perfusate, force declined four
to five times more slowly than it was regained on replace-
ment of calcium to the perfusate. The simplest explanation
for this asymmetry of loss versus regain of force is that a
component of calcium important in the excitation-contrac-
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tion sequence was bound at a cellular site. (A site with a
certain affinity for calcium would be expected to "wash
off" more slowly than it would "wash on.") Because force
was regained with a half-time of 6 seconds (as rapidly as
vascular turnover time) it was concluded that the site was
at the cellular surface.
Proceeding on this functional evidence, Bers and Langer
(2) examined calcium bound to sarcolemmal vesicles as a
function of calcium concentration, [Ca]o. Low affinity sites,
with a dissociation constant (K.J) equal to 1.2 mM, ac-
counted for 80% of the binding. A plot of calcium bound
to the sarcolemma versus [Calo was superimposable on a
plot of maximal rate of force development (dF/dtmax) versus
extracellular calcium ([Ca]o) over a range of [Ca]o from
0.05 to 9.0 mM. Therefore the amount of calcium bound
to the sarcolemma was in close proportion to active force
development over a wide range of [Ca]o.
Further support for participation of sarcolemmal sites in
the excitation-contraction coupling sequence was derived
from a correlation of the ability of various cations to displace
calcium from the sarcolemma with their ability to uncouple
excitation-contraction (3). The ability to displace calcium
and uncouple was in the sequence La3 + == Cd2 + >
Mn2 + > Mg2 +. Effectiveness of the divalent cations was
related to their crystal or nonhydrated radius. Cadmium
(Cd2 +) had a radius (0.97 A) closest to that of Ca2 + (0.99
A), manganese (Mn2+) was intermediate (0.80 A) and mag-
nesium (Mg2 +) was the farthest removed (0.65 A). The
study indicated that sarcolemmal sites showed an affinity
for Ca2 + dependent on ionic positive charge and particular
nonhydrated size.
Phospholipids as the Putative Binding Sites
Philipson et al. (4) subjected sarcolemmal vesicles to
lipid extraction followed by reconstitution of vesicles from
the extract. At physiologic [Ca]o, the lipid bound 80 to 85%
of the total calcium bound to whole sarcolemma.
The contribution of negatively charged phospholipid to
calcium binding was tested with the cationic probe poly-
myxin B. This antibiotic is an amphiphilic (has both hydro-
phobic and hydrophilic components) molecule with hydro-
philic diaminobutyric acid groups that carry a net positive
charge. These cationic groups are in a heptapeptide ring
that is connected through a bridge of three amino acids to
a fatty acid (5). The lipophilic tail inserts into the sarco-
lemmal bilayer and the cationic head specifically interacts
with the hydrophilic negatively charged ends of the phos-
pholipid. In the presence of 1.0 mM [Ca]o, 0.1 mM poly-
myxin B displaced 42% of displaceable calcium from the
sarcolemma and uncoupled excitation-contraction (6,7). The
action of polymyxin B is strong evidence for a major fraction
of sarcolemmal calcium binding being attributable to anionic
phospholipid sites.
Polymyxin B served as a specific displacer of calcium
from anionic phospholipid sites and had the anticipated ef-
fect on excitation-contraction coupling. It was next desir-
able, if possible, to specifically augment the calcium bound
to phospholipid of the bilayer. This was accomplished by
use of phospholipase D. This enzyme cleaves the nitroge-
nous base from phospholipid, which leaves phosphatidic
acid in the membrane, thereby increasing its net anionic
charge. Such treatment significantly increased calcium bind-
ing to isolated sarcolemma and to intact cells (8). Correlated
with its effect on binding, phospholipase D application
produced a striking positive inotropy in ventricular strips
from neonatal rat heart (8) and in rabbit papillary muscle
(9). Therefore specific augmentation of a calcium binding
anionic phospholipid (phosphatidic acid) was associated with
increased force development.
Another method of altering the calcium bound to the
sarcolemmal bilayer has involved the use of other charged
amphiphiles (10). The amphiphiles were anionic dodecyl-
sulfate, cationic dodecyltrimethylamine and neutral lauryl-
acetate. The hydrophobic alkyl chain is identical in each
case; only the hydrophilic head group is varied. Anionic
dodecylsulfate augmented calcium binding to sarcolemma
and increased contractile force of papillary muscle by 100%.
Cationic dodecyltrimethylamine produced nearly opposite
effects and laurylacetate had no effect on binding or on
force. Therefore, again, specific effects on sarcolemmal
calcium binding had predictable effects on force develop-
ment.
The preceding review of our studies over the past 5 years
provides strong evidence for a significant role of sarcolem-
mal-bound calcium in the excitation-contraction coupling
sequence in mammalian myocardium. Moreover it seems
likely that anionic components of phospholipid molecules
are the major binding sites. If such is the case these sites
should be very sensitive to proton concentration with respect
to their ability to bind calcium. We recently completed a
study on the effect of pH on cellular and membrane calcium
binding relative to the effect on contraction (11). The results
of this study point to a specific model for control of calcium
at sarcolemmal sites.
Effect of pH on Calcium Binding
and Contraction
In monolayer tissue culture there was a graded response
to contraction amplitude (measured by monitoring of cell
border movement on a video system) as pH was lowered
from 8.5 to 5.5. The cells responded to pH alteration within
seconds, which suggests that the effect was at the cell sur-
face or within the sarcolemmal membrane. Intracellular pH
shifts and their effects usually require minutes to evolve and
stabilize. Stimulated contraction was eliminated at pH 5.5
and nearly maximal at pH 8.5 (11).
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Calcium uptake by cultured cells and binding by isolated
sarcolemmal membrane were also markedly pH dependent.
Cellular calcium uptake increased by 0.75 mmollkg wet
weight from pH 5.5 to 8.8, showing near saturation at 8.5.
A similar response was demonstrated in the membrane prep-
arations which indicated that a major fraction of the calcium
uptake of the cells as pH was increased could be attributed
to augmented sarcolemmal binding.
The shape ofthe curves relating contraction and calcium
binding to pH were similar (Fig. 1) with some shift along
the pH axis. The 50% values ranged from pH 6.60 to 7.15.
It seemed possible that calcium binding was dependent on
the extent of dissociation of ionizable sites on phospholipid.
If this was the case then binding might be described by a
form of the Henderson-Hasselbach relation:
bind calcium. Such is clearly not the case, as is shown in
Figure 1.
This seeming paradox may be resolved through consid-
eration that the phospholipid predominant in calcium bind-
ing may be zwitterionic, for example, phosphatidylethan-
olamine. These molecules contain a mildly alkaline amino
group that dissociates (NH3~ NHz + H +) through a higher
pH range. As this group is neutralized, Seimiya and Ohki
(12) propose that it will no longer shield, intramolecularly
or intermolecularly, the negative charge of -P04H and
-COOH groups and these acidic groups would then be avail-
able to bind calcium. They found a large increase in calcium
binding to phosphatidylethanolamine monolayers as pH in-
creased from 6.5 to 8.5.
[2]
[3]
Fmax x [Ca]o
Kd + [Ca]o'
Calcium binding or contractile force
1 Fmax x [Ca]o--------- X -----
[antilog(pK - pH)] + 1 Kd + [Ca]o
Calcium binding or contractile force
The ability of this relation to predict contractile force at a
given pH and [Ca]o level is under investigation.
Finally, given the binding model proposed, it is pertinent
to evaluate the capacity of sarcolemmal phospholipid for
calcium. If we assume that most of the sarcolemmal-bound
calcium that is lanthanum-displaceable is bound to phos-
pholipid, the value (at pH = 7.2, [Ca]o = 1.0 mM) is 2.8
mmollkg dry weight or about 0.55 mmollkg wet weight
(13). There is approximately 15 mmol total sarcolemmal
phospholipid/kg dry weight cells or about 2.5 mmollkg wet
weight (13). If all of the calcium were bound to membrane
phospholipid at a stoichiometry of 1: 1, 22% of the phos-
pholipid would be involved. The stoichiometry for calcium
where Fmax = maximal binding or contractile force and Kd
represents the dissociation constant of the binding sites.
Therefore with sites of a particular pK and Kd for calcium,
binding and contractile force would vary with pH and [Ca]o
level according to the product of equation 1 and equation
2 or:
Current Hypothesis
Our present conception is that sarcolemmal calcium binds
predominantly to phospholipid. The study reviewed earlier
suggests that pH sets the level of potential binding sites by
control of the degree of their dissociation. At any level of
dissociated sites, set primarily by amino group ionization
of zwitterions, the amount of bound calcium will depend
on the level of extracellular calcium ([Ca]o). At any fixed
pH, binding and contractile force are well fit by a hyperbolic
relation (2):
[1]
8.57.5 8.06.5 7.0
pH
6.0
a = [antilog(pK - pH)] + 1 '
5.5
o
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Figure 1. The responses to pH change of contraction amplitude
(..) of cultured myocardial cells, cellular 45Ca uptake (0), 45Ca
binding to sarcolemmal vesicles from canine heart (D) and 45Ca
binding to membranes made from culture monolayer by "gas dis-
section" (e). Response to pH 8.5 set at 100%. Bars = I SE.
Sarcolemmal vesicle binding is mean of two experiments. (Re-
printed with permission from Langer GA [11].)
100
where a is the degree of dissociation of the ionizable sites.
With a pK of 6.60 (contraction amplitude), 6.85 (cell 45Ca
uptake), 7.05 (sarcolemma vesicle binding) and 7. 15 ("gas
dissected" cultured cell membrane binding), all curves were
fit with a correlation coefficient between 0.98 and 0.99. If
phospholipid is the major site for calcium binding it is rea-
sonable to assume that -P04H and -COOH groups of these
molecules would be involved. However, the apparent sur-
face pK values for these groups are reported (12) in the
range of 3.7 to 4.0 or 3 to 4 pH units less than the bulk pK
values that best fit the experimental results. These groups
would be expected to be nearly completely ionized at pH
5.5 or greater and, therefore, have little more capacity to
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binding to phospholipid is markedly dependent on the molar
ratio of cholesterol to phosphilipid and has been found to be
I calcium to I phospholipid at a ratio of 0.5 (14). Tibbits
et al. (15) found a cholesterol:phospholipid molar ratio of
0.55 for rat heart sarcolemma. Zwitterionic phosphatidyl-
ethanolamine accounts for 30% of total phospholipid of
sarcolemma extracted from rabbit ventricle (4) and for 36%
in rat ventricle (15). There would, therefore, seem to be
adequate ionizable phospholipid present in sarcolemma to
account for most of the bound calcium.
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